Addition of allophane, a phosphate-trapping agent, to two different strains of Nocardia lactamdurans exerted a large stimulatory effect on cephamycin biosynthesis. The biosynthesis of cephamycin is inhibited by inorganic phosphate at concentrations above 5 mM and allophane reversed this inhibitory effect. Allophane-supplemented cultures showed increased activities and/or an extended life in the cell of four cepharnycin biosynthetic enzymes : isopenicillin N synthase, the two-protein-component 7a-cephem methoxylase (7a-cephem hydroxylase and 7-hydroxycephem methyltransferase) and 3'-hydroxymethylcephem O-carbamoyltransferase. However, the first enzyme of the pathway, lysine 6-aminotransferase, was not stimulated by allophane. Allophane-supplemented cultures showed increased protein levels of (i) a-aminoadipyl-cysteinyl-valine synthetase (the condensing multienzyme that forms the tripeptide intermediate), and (ii) the two proteins involved in the 7a-cephem methoxylase, as shown by immunoblotting with antibodies against each of these proteins. Phosphate repressed the de novo synthesis of these proteins but did not increase their degradation. These results indicated that allophane stimulates expression of the cluster of genes extending from the pcbAB gene (encoding a-aminoadipyl-cysteinyl-valine synthetase) to cmcl-cmcl (encoding the two-protein methoxylase) and cmcH (encoding the 0-carbamoyltransferase).
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The biosynthesis of many antibiotics and other secondary metabolites is known to be strictly regulated by phosphate (Martin & Demain, 1976 . Repression of gene expression by inorganic phosphate has been shown to be involved in control of antibiotic biosynthesis (Martin, 1989; Asturias et al., 1990; Liras e t al., 1990) . The molecular mechanism(s) by which different effectors such as phosphate ions affect antibiotic biosynthesis remains elusive (Martin & Liras, 1989 ; Martin e t al., 1994) . Promoters of the genes encoding key enzymes for secondary metabolism are believed to be recognized by specific regulatory proteins (signal transducers), which in turn respond to sensors of phosphate (Liras et al., 1990) , as occurs in Escbericbia coli with phosphate-regulated promoters (Torriani-Gorini, 1994 ).
The biosynthesis of cephamycins (7a-methoxycephalosporins) in Streptomyes clavzlligeras and Nocardia lactamdtcrans is negatively regulated by high concentrations of phosphate (Liibbe e t al., 1984 (Liibbe e t al., , 1985 Cortks e t al., 1986; Zhang et al., 1989) . The cephem nucleus of cephamycins derives from three precursor amino acids L-a-aminoadipic acid, L-cysteine and L-valine that are condensed to form the tripeptide a-aminoadipyl-L-Cysteinyl-D-vahe (ACV) (Martin & Liras, 1989; Aharonowitz e t al., 1992) . A region of about 30 kb of DNA of N. lactamdwans has been characterized that encodes the enzymes required for cephamycin biosynthesis (Coque e t al., 1993a pcbC (isopenicillin N synthase) (Coque e t al., 1991a) ; (iv) cefD (isopenicillin N epimerase) ; and (v) ce$E (deacetoxycephalosporin C synthase) (Coque e t al., 1993b) . Four other genes are involved in the so-called ' late ' steps of the cephamycin biosynthesis in N. lactamdurans, namely c$F (3-methylcephem hydroxylase) (Coque e t al., 1996a) , cmcH (3'-hydroxymethylcephem O-carbamoyltransferase) (Coque e t al. , 1995a) , and cmcl-cmcJ which encode the twocomponent (proteins P7 and P8) 7a-cephem methoxylase (Coque et al., 1995b) . It is of great interest to know how phosphate and other regulatory effectors influencing cephamycin biosynthesis affect the expression of these genes.
The potent phosphate-trapping agent allophane (an amorphous hydrogel composed of alumina gel and silica gel, which is the active component of Kanuma earth) has been reported to stimulate the biosynthesis of several macrolide and aminoglycoside antibiotics Masuma et al. , 1986 ; Tanaka e t al. , 1993), but the effect of this zeolite on p-lactam biosynthesis is not known. We report here that allophane strongly stimulates cephamycin biosynthesis in N. lactamdurans by increasing the levels of cephamycin biosynthetic enzymes due to a higher synthesis of the proteins, as shown by immunoblotting with antibodies against the different enzymes. Phosphate (10-25 mM) repressed the formation of these proteins and did not increase their degradation after they had been formed.
METHODS
Strains and culture conditions. N. lactumdurans LC411, a stable wild-type isolate (Liiz etal., 1990) , and N. lactamdurans MA4213, a high-cephamycin-producing strain (Merck, Sharp & Dohme) were used for all the studies. Both strains were preserved in 20 % (v/v) glycerol at -80 OC. A 1.4 ml vial of the frozen mycelium was used to inoculate one triple-baffled 500 ml
Erlenmeyer flask containing 100 ml NYG medium (g 1-l: nutrient broth, 8; yeast extract, 2; glucose, 10; MgC1,. 6H,C), 9; pH adjusted to 7-1-7-2 prior to sterilization). The culture was incubated on a rotary shaker (Gallenkamp) at 24.5 O C and 250 r.p.m. for 48 h, and used as inoculum (10 % of the final volume)
to seed a fermentation in NYG medium that was incubated under the same conditions. NYG medium was supplemented with 0.5% allophane (Shinagawa) to study the effect of this phosphate-trapping agent.
Determination of cephamycin C and intermediates of its biosynthetic pathway. Cephamycin C production by N. lactamdurans was assayed by the agar-diffusion method using E.
coli ESS-2231 as test organism (Aharonowitz & Demain, 1979) .
Three of the cephamycin C biosynthetic pathway intermediates were analysed in ultrafiltered culture broths by HPLC using a Waters pBondapak C,, column (300 x 3.9 mm) connected to a Varian 5000 chromatograph. The cephamycin intermediates were separated by isocratic elution with 200 mM sodium phosphate buffer at pH 4.0 using a flow of 1.5 ml min-', and detected by monitoring the absorbance of the eluates at 254 nm. Under these conditions cephamycin C eluted with a retention time of 4.5 min; deacetylcephalosporin C at 4 min: deacetoxycephalosporin at 11 min ; 7-hydroxycephalosporin C at 14.5 min; and 7-methoxycephalosporin C at 18 min.
DNA and protein assays. Growth was estimated as cellular DNA content using the diphenylamine reagent and salmon sperm DNA as standard. Protein concentrations in cell-free extracts were measured with the Bradford reagent (Bio-Rad) using BSA as standard.
Determination of enzyme activities. N. lactamdurans cells grown with or without allophane supplementation were harvested by centrifugation at 10000 r.p.m. and 4 "C for 20 min. Cells from 100 ml culture were resuspended in 3 ml sonication buffer (100 mM MOPS, pH 7.5, 1 mM DTT, 1 mM PMSF, 25 pg DNAse ml-'), and then disrupted in an ice bath for 90 s with a Branson B-12 sonifier, using a short-pulse cycle mode to avoid excessive heating of the samples. The cell debris was removed by centrifugation at 14000 r.p.m. and 4 OC for 30 min, and the supernatants used as cell-free extracts for enzyme determinations.
Lysine 6-aminotransferase, isopenicillin N s ynthase, 3'-hydroxymethylcephem carbamoyltransferase, and 7a-cephem hydroxylase and 7-hydroxycephem methyltransferase activities were determined as described elsewhere (Kern et al., 1980; Leskiw e t al., 1988; Coque et al., 1995a, b, respectively) .
Polyacrylamide gel electrophoresis. SDS-PAGE analysis of total cell free extracts from the different strains was performed as described by Laemmli (1970) using a continuous buffer system (50 mM Tris, 150 mM glycine).
Immunoblotting. After SDS-PAGE of the proteins they were transferred to a PVDF membrane (Immobilon, Millipore) in a semi-dry electroblotting system (LKB) at a constant current of 0.8 mA cm-2 using TGM buffer [50 mM Tris, 100 mM glycine, 20% (v/v) methanol]. The membranes were then saturated with 1 % (w/v) BSA for 1 h at room temperature and treated with the corresponding antibodies (in 50 mM sodium phosphate buffer, pH 7.6, containing 300 mM NaCl) for 3 h at room temperature with gentle agitation. Antibodies against the P7 and P8 proteins of the methoxylation system were raised in rabbits as described elsewhere (Enguita e t al., 1997) . Antibodies against ACV synthetase were provided by H. von Dohren, Technical University, Berlin, Germany. The sera were diluted 1/10000. The membranes were then washed for 15 min with 1 M NaCl and treated with a mouse anti-IgG alkaline phosphatase conjugate (Promega) in the same buffer for an additional hour. After another membrane wash with 1 M NaCl for 15 min, the bands were developed with a stabilized substrate solution for alkaline phosphatase (Promega) at room temperature.
RESULTS

Effect of allophane on cephamycin production
The effect of allophane (5 g 1-l) on cephamycin production by wild-type N. lactamdurans LC411 and the high producer N. lactamdurans MA4213 was tested in NYG medium seeded with 10% inoculum as described in Methods. The results ( Fig. 1) showed that allophane caused a strong stimulation of cephamycin biosynthesis in the wild-type (about 1000 YO and 700 % at 96 and 120 h, respectively) and about a 400% increase in the cephamycin concentration of the high-producing strain MA4213. 
Allophane reverses the negative effect of phosphate on cephamycin biosynthesis
The specific production of cephamycin by cultures of N. lactamdtlrans MA4213 was partially inhibited by 5 or 10 mM inorganic phosphate (Fig. 2a) . To establish whether allophane can reverse the negative effect of phosphate on cephamycin biosynthesis, cultures of N. lactamdtlrans were grown in NYG medium supplemented with 10 mM phosphate and increasing concentrations of allophane from 0.2 to 5 g 1-l. Allophane fully reversed the inhibitory effect of 10 mM phosphate (Fig. 2b) , and when high allophane concentrations (5 g 1-' ) were used, there was a clear stimulation above the cephamycin levels in control NYG cultures without phosphate supplementation. The strong stimulatory effect exerted by allophane, even in phosphate-unsupplemented cultures, suggested that allophane may have a direct effect on cephamycin biosynthesis in addition to its phosphate-trapping action. 
Allophane stimulates conversion of biosynthetic intermediates into cephamycin C
As shown in Fig. 3 , HPLC analysis of the intermediates of cephamycin biosynthesis in the supernatant of control cultures unsupplemented with allophane allowed the identification of deacetylcephalosporin C and (in the 48 h culture only) 7-methoxycephalosporin C, which eluted with retention times of 4 and 18 min, respectively, in addition to the final product, cephamycin C (retention time 4-5 min) (Fig. 3a, b) . Cultures supplemented with allophane showed a large accumulation of cephamycin C and only trace levels of the intermediates (Fig. 3c, d) . A similar effect was observed in cultures of the lowproducing wild-type strain N. lactamdurans LC411 , although the peaks of intermediates or cephamycin C were clearly lower in this strain than in the high producer MA4213 (not shown).
Allophane-supplemented cultures of N. lactamdurans MA4213 show increased activities of isopenicillin N synt hase, 7-cep hem h yd roxylase, 7-h ydroxycep hem methyltransferase and maintained high levels of 3'-hydroxymethylcephem carbamoyltransferase
Five different enzymes of the cephamycin pathway that are easily assayed were quantified in control and allophane-supplemented cultures. Supplementation with allophane did not affect the growth of the culture (determined as cellular DNA ml-l) (Fig. 4a) but exerted a strong stimulatory effect on cephamycin biosynthesis (Fig. 4b) . As shown in Fig. 4(d) , supplementation with allophane significantly increased the isopenicillin N synthase activity in the cells. Considerably higher levels of isopenicillin N synthase remained in allophanesupplemented cells after 72 h of submerged culture when it started to decay in control unsupplemented cultures. The early decay of the biosynthetic enzymes in unsupplemented cultures appears to result in limitation of sustained cephamycin biosynthesis. Similarly, the 7-cephem hydroxylase and 7-hydroxycephem methyltransferase activities were significantly increased in allophane-supplemented cultures (Fig. 4e, f) .
3'-Hydroxymethylcephem carbamoyltransferase activity was also maintained at higher levels until after 100 h of incubation in allophane-supplemented cultures, although the peak of enzyme activity was delayed (Fig. 4g) .
However, the activity of lysine 6-aminotransferase7 the first putative enzyme of the cephamycin biosynthetic pathway (which is transcribed from a separate promoter, J. J. R. Coque & J. F. Martin, unpublished) was not stimulated by allophane (Fig. 4c) . The activity of this enzyme was clearly lower in allophane-supplemented cultures.
Allophane increases the protein levels of at least three cephamycin biosynthetic enzymes
The availability of antibodies against ACV synthetase and the P7 and P8 components of the 7a-cephem methoxylase, and the difficulty in isolating undegraded high-molecular-mass (polycistronic) mRNA in N. lactamdurans (thus preventing transcriptional analysis), prompted us to study the effect of allophane on the protein levels of the biosynthetic enzymes. The results (Fig. 5) showed that the ACV synthetase protein is barely detectable by immunoblotting in extracts of unsupplemented cultures of N . lactamdurans MA4213, whereas an intense signal was found in allophane-supplemented cultures at 24 and 48 h, and to a lesser extent at 72 h (Fig.  5a ). This result provides evidence that the ACV synthetase is formed relatively early during cephamycin biosynthesis. The ACV synthetase showed very little mobility in SDS-PAGE gels ; its estimated molecular mass using as control a purified preparation of the N. lactamdtlrans ACV synthetase (Coque etal., 1996b) , was about 430 kDa (lanes C in Fig. 5a ).
Similarly, immunoblottings using antibodies against the P7 and P8 proteins of the methoxylase complex showed greatly increased levels of both the P7 and P8 proteins in allophane-supplemented cultures, particularly after 48 and 72 h of incubation (Fig. 5b, c) . Comparison of the immunoblottings shown in Fig. 5(a-c) indicated that the ACV synthetase is formed earlier (the highest protein level is at 24 h) than the P7 and P8 protein components of the methoxylase system (which showed a peak of protein at 48 h), i.e. there is a sequential formation of the proteins encoded by the cephamycin cluster.
Since the genespcbAB,pcbC, ce$F, cmcH, cmc1 (protein P7) and cmcJ (protein P8) appear to be expressed as a single transcript (F. Enguita, J. J. R. Coque, P. Liras & J. F.
Martin, unpublished), these results suggested that formation of the enzymes encoded by this transcript is stimulated by allophane.
Phosphate represses formation of the cephamycin biosynthetic proteins but does not increase their degradation
To elucidate whether phosphate represses the formation of the cephamycin biosynthetic enzymes or increases their degradation, experiments were carried out to quantify the P7 protein in NYG medium and NYG supplemented with phosphate. In addition, cultures grown with limiting phosphate were supplemented with 25 mM phosphate at 48 h (when the P7 protein was already formed) and the stability of the protein was followed at 24 h intervals thereafter. Martin, unpublished) involved in the biosynthesis of candicidin. The induction of actinorhodin production in Streptomyes coelicolor was found to occur through transcriptional stimulation of the genes involved in antibiotic biosynthesis (Horinouchi e t al., 1989) . The protein AfsR involved in secondary metabolism was found to be phosphorylated by a membrane-associated phosphokinase in S. coelicolor and Streptomyes lividans (Matsumoto et al., 1994) . The biosynthesis of cephamycin C is sensitive to phosphate control but to a lesser degree than the formation of macrolides and aminoglycoside antibiotics (Martin, 1989) . However, the extreme difficulty in isolating undegraded polycistronic mRNA in N . lactamdtlrans has prevented characterization of the regulatory mechanisms at the transcriptional level.
Allophane is a hydrated alumina-silica gel with a noncrystalline structure that acts as a phosphate-trapping agent Masuma e t al., 1986; Tanaka et al., 1993) . We observed that allophane exerts a strong stimulatory effect on cephamycin biosynthesis by N. lactamdtlrans both in the wild-type and in a highproducer strain. Cultures supplemented with allophane showed increased activities and/or extended lives in the cells of four cephamycin biosynthetic enzymes, namely isopenicillin N synthase, 7-cephem hydroxylase, 7-hydroxycephem methyltransferase and 3'-hydroxymethylcephem 0-carbamoyltransferase, but not of lysine 6-aminotransferase. Isopenicillin N synthase retained a very high activity in allophane-supplemented cultures, which suggests that formation of this enzyme continues for a longer period of time or its degradation is prevented when the culture is supplemented with allophane.
Since antibodies were available against three of the biosynthetic proteins, ACV synthetase and the P7 and P8 proteins of the 7-methoxylase7 we were able to establish that the effect of allophane is due to increased levels of at least these three biosynthetic proteins. Allophane induction of cephamycin biosynthesis showed that cultures supplemented with phosphate formed reduced levels of (at least) the P7 and P8 proteins, but once these proteins were formed, phosphate addition had a minor effect on protein stability. We concluded, therefore, that one of the mechanisms of phosphate regulation of cephamycin biosynthesis is repressing the formation of some of the biosynthetic enzymes. Allophane clearly reversed the repressive effect of phosphate.
The transcriptional organization of the cephamycin cluster is still unclear although initial evidence indicates that there are probably three transcriptional units in N. lactamdtlrans corresponding to (i) lat, (ii) pcbAB-pcbCcefF-cejG-cefl-cefl and (iii) ceP-cef73 (F. Enguita, J. J. R. Coque, P. Liras & J. F. Martin, unpublished). The enzymes encoded by the second transcriptional unit are repressed by phosphate and derepressed by allophane. The lack of stimulation of lysine 6-aminotransferase in allophane-supplemented cultures indicates that the behaviour of the lat and the pcbAB-pcbC-cefF-cefG-ce~-cefl promoters is different. Lysine 6-aminotransferase has been reported to be limiting for cephamycin biosynthesis in S. clavtlligertls (Malmberg et al., 1995) under some nutritional conditions, but our results clearly indicate that in N. lactamdtlrans lysine 6-aminotransferase is not usually limiting for cephamycin biosynthesis and, indeed, a decreased level of this enzyme in allophane-supplemented cultures can support up to a threefold increase in cephamycin C concentration. It is likely that the regulatory mechanisms controlling cephamycin gene expression in N. lactamdwans were quite different in N. lactamdtlrans and S. clavtlligertls.
The strong stimulatory effect of allophane, even in phosphate-unsupplemented cultures, is intriguing. Phosphate-trapping by allophane in the complex NYG medium may explain the stimulation of cephamycin observed. However, we can not exclude the possibility that allophane may directly trigger expression of the cephamycin biosynthetic pathway by additional mechanisms.
